For some x-ray experiments, only a fraction of the intense central cone of x-rays generated by high-power undulator sources can be used; the x-ray source emittance is larger than the useful emittance for the experiment. For example with microfocusing optics, or for coherence experiments, x-ray beams with cross sections less than 0.1 mm2 are desirable. With such small beams, the total thermal load is small even through the heat flux density is high. Analyses indicate that under these conditions, rather simple crystal cooling techniques can be used. We illustrate the advantages of a small beam monochromator, with a simple x-ray monochromator optimized for x-ray microdiffraction. This monochromator is designed to achieve negligible distortion when subjected to a narrow (0. 1 mm wide) beam from an APS undulator A operating at 100 mA. It also allows for rapid and repeatable energy scans and rapid cycling between monochromatic and white beam conditions.
INTRODUCTION
Insertion devices on third generation synchrotron sources provide ultra-brilliant (p/s.im2.mrad2.eV) x-ray beams with kilowatts of x-ray power into a small solid angle (Fig. 1 ). These intense x-ray beams challenge conventional x-ray monochromator optics and have led to the development of new high heat-load monochromators.3 X-ray monochromators proposed for handling undulator radiation from 3rd generation xray sources include, inclined Si crystals', diamond crystals2, and cryogenically cooled Si.3 These monochromators are designed to preserve x-ray flux while accepting hundreds of watts of power in the bright central cone of undulator radiation.
Although these new designs are useful for many experiments, they can be inefficient for experiments where maximum beam brilliance is required in a very small beam emittance. For example, the bandpass of diamond crystals is about half that of Si, and it is difficult to get perfect diamond crystals with negligible mosaic spread. Similarly, inclined crystals are difficult to fabricate with negligible strain, and increase the required beam offset compared to symmetric Bragg geometries. With cryogenic Si monochromators, existing first crystal designs preclude small offsets and exhibit residual stresses from the cryogenic cooling manifold. For experiments which can use only a small fraction of the beam central cone, the total useful power can be 1-3 orders of magnitude lower than for conventional experiments (Fig. 1 ). This allows much simpler first crystals which tolerate high power density but only work with small integrated power loads. Both x-ray microdiffraction and x-ray coherent diffraction are classes of experiments where beam brilliance represents the critical figure of merit and where the useful beam emirtance is much smaller than the natural beam emittance from an undulator. For x-ray microdiffraction, the useful beam emittance is set by requirements for spatial resolution and momentum transfer resolution. In both the horizontal and vertical directions, only about 1 nm rad can be accepted by ideal optics; beam brilliance within this emittance establishes the achievable microdiffraction performance. For coherent diffraction only about 0. 1 nm rad of beam emittance can be used. As shown in Fig 2, the vertical emittance from an APS undulator A with 2% coupling is well matched to the useable emittance for x-ray microdiffraction but large compared to the useable emittance for coherent diffraction. The horizontal emittance from a type A undulator is very large compared to the useable emittance for both x-ray microdiffraction and x-ray coherent diffraction. Vertical and horizontal phase space ellipses at -10 keV for an APS type A undulator with 2% coupling compared to the useable emittance for various experiments. The vertical emittance is well matched to the useable emittance for x-ray microdiffraction, but is large compared to the useable emittance for coherent diffraction. The horizontal emittance from a type A undulator is very large compared to both the useable emittance for x-ray microdiffraction and x-ray coherent diffraction.
The root-mean-square, RMS, divergence of an undulator power distribution is -1/y in the vertical plane and -KJy in the horizontal plane. Here y is related to the ring energy E by 1957E(keV). Assuming a Gaussian power distribution with K-I, the power in a small central spot ofdimensions x and y is given by, (1) 2irF2
Here F1 is the distance from the aperture to the source and TS the total beam power. For microdiffraction optics at F1=30m, only about a 0.3mm high by 0. 1mm wide beam can be efficiently collected and focused to submicron dimensions. 4 The power through a defining slit of 0.1mm x 0.3 mm is about three orders of magnitude less than the total beam power and is an order of magnitude less than commonly experienced by 2nd generation x-ray optics. However, the power density is still very high.
To check this rough estimate and to help in more detailed modeling, we estimate the power through a 0.1mm x 0.3 mm aperture with the program Urgent. A type A undulator wasassumed with 100 mA beam current and 7 GeV operations. The total power through a 0. 1 x 0.3 mm aperture was calculated with the undulator optimized for highest on-axis brilliance for 8-25 keV x-rays. The estimated total power in the beam is shown as a dotted line in Fig. 1 . The total power through the aperture, integrated from 3 to 90 keV, is shown as the solid line in Fig. 1 . As illustrated, the power through the aperture is about 1000 times less than in the total undulator beam and varies between 1-4 watts, when the undulator is optimized for maximum brilliance from 8 keV to 25 keV. The power can be slightly reduced above 10 keV by the use of low Z filters to eliminate the first harmonic from the undulator spectra.
Below we describe a simple x-ray monochromator optimized for x-ray microdiffraction where the incident beam on the sample can be rapidly switched between monochromatic and "white" beam conditions. The beam offset is minimized to simplify the effects on the beam focus when the beam is switched between white and monochromatic conditions. Several alternative designs and the relative advantages and disadvantages are discussed.
SMALL DISPLACEMENT MONOCHROMATOR DESIGNS

2-Crystal Design
The challenge of x-ray microdiffraction is to determine the crystallographic structure of the sample, while illuminating a small volume of material. In some cases it is possible to use large beams and illuminate small isolated crystals. Here traditional x-ray diffraction techniques which involve rotating the sample are appropriate. For many samples however. it is their small volume inhomogeneity within large volumes which is of greatest interest. Here small x-ray probes are used to characterize the structure on a micron scale. With non-homogeneous samples. traditional rotation methods are difficult because the sphere of uncertainty for most diffractometers is finite and because the volume of the illuminated sample changes as the sample orientation is changed. Fig. 3 illustrates how the volume irradiated changes on rotation and depends on the distance of the center of rotation from the point of beam penetration.
One method which can be used to measure structure without rotating the sample is white beam Laue diffraction. This method takes advantage of the tunability of synchrotron radiation and avoids many problems associated with monochromatic diffraction methods, since the volume of sample illuminated remains fixed during the measurement. With the white beam Laue method, the sample is positioned relative to a small x-ray probe beam with an x-y-z stage. The sample orientation remains fixed while a broad bandpass x-ray beam illuminates the sample. Laue spots provide information about the phase, orientation and all the average unit cell parameters except the unit cell volume. In polycrystalline samples, there will be Laue patterns grains illuminated by the x-ray microbeam. Fig. 3 . The microstructure (shown here as surface grains) which intercepts the x-ray probe beam, changes as the angle of the sample is rotated. Even if the sample is perfectly aligned relative to the rotation axes, the finite penetration ensures that a different volume is illuminated as the sample is rotated.
To determine the unit cell volume of each grain, the energy of a single Laue reflection from each grain is measured. This can be done by using a solid state detector or crystal analyzer to measure the energy of a Laue spot, or by inserting a monochromator into the direct beam and scanning the incident energy to determine the x-ray energy needed for the Laue spot7. Energy resolution of 1 part in I O is needed for many measurements.
Because the x-ray beams required for x-ray microprobe experiments are small. it is possible to consider the development of an ultra-small displacement monochromator design for the incident beam monochromator. This has a major advantage for x-ray microprobe experiments since it allows the focusing optics to remain nearly fixed while the focused beam is cycled between white and monochromatic conditions. Consider for example Fig. 4 which illustrates an -.2 mm high central cone from an x-ray undulator, which impinges on a small displacement x-ray monochromator. With a small displacement of the beam (-. I mm), it is possible to maintain a fixed exit with either monochromatic or white radiation and still remain near the central bright region of the undulator.
Although the design illustrated in Fig. 4 ensures that the beam exits from the same vertical aperture both with or without the monochromator, there is a small angular difference between the monochromatic and white beams which exit from the final aperture. A 1 mm displacement at 30 m for example, corresponds to an angular change ofO.03 mrad. With a 100:1 vertical demagnification this will result in a displacement of the beam by -10 im and an increased effective source size of 10% due to the change in the projected source size. The displacement can be corrected with a small angular tilt of the first mirror. This angular tilt will result in a small (of order 0.5%) change in the focal length with about a 14% blurring of the x-ray beam spot. In most cases imperfections in the mirror system will limit the achievable demagnification for a given focal length so this additional blurring should have only a very small effect on the final image size. One consideration with even a 1 mm displacement is the change in the incident beam spectra. This may be an advantage or a disadvantage depending on the experiment. For example it is possible to move slightly away from the beam axis to increase the bandwidth of the undulator peaks. Alternatively the beam symmetrically above and below the beam centerline will have the same effective source size and beam spectra.
4-Crystal design
An alternative design uses 4 crystals with pairs of nondispersive crystals matched dispersively. This design has the advantage of eliminating all displacements and angular shifts between white and monochromatic beam operation (Fig. 5 ). One disadvantage with this design is a somewhat lower throughput due to the dispersive geometry. Because of the unusually high collimation of 3rd generation sources, the throughput of dispersive optics is much greater than for 2nd generation sources. The throughput at 20 keV is about 40% of a simple 2 crystal nondispersive design as shown in Fig. 6 . A microdiffraction monochromator based on this principle is currently under development at the Advanced Light Source, ALS. 
FIRST CRYSTAL THERMAL PERFORMANCE First crystal with water cooling
Variation in 2d \Vith either the 2 or 4 crystal designs, the first crystal must tolerate -1-4 watts (Fig. 1) in an x-ray beam with a cross section of -0.03 mm2 (-60 watts/mm2). We have studied the thermal distortions introduced on a simple monolithic Si crystal under such a heat load. The thermal distortions were studied with various cooling geometries (side, back, etc.) with different distances from the end of the crystal, at different diffraction angles and with various beam sizes. At normal incidence (worst case), with 2 watts of power and simple back cooling, the temperature rise at the center of incident beam intercept is about 37°K. However, at the minimum design energy of 8 keV, the temperature rise is only about lO°K because the beam is spread over a four times larger surface area. If we assume a thermal expansion coefficient of -2.3x 106, then the d spacings of the crystal can vary by as much as MJd-.2.3x i05. At 8 keV this corresponds to a range of 6 .trad in the monochromator tilt angles to maximize the diffraction efficiency for all parts of the monochromator crystal. However, the temperature variation over the illuminated footprint of the crystal is about five times smaller than the total thermal rise so that the effect of changes in the d spacing are expected to be small (-1 psad worst case). As the x-ray energy increases, the footprint ofthe beam on the crystal increases which lowers the temperature rise for a given incident x-ray power. In addition, the angular tilt required to optimize the crystal bandpass for a given Ad also decreases with decreasing Bragg angle.
Longitudinal slope errors
The major effect of the thermal gradient on the crystal is a bump at the beam intercept which causes a variation of slopes across the beam intercept. A typical bump profile and slope errors are illustrated in Fig.  7a ,b for a 2 watt beam spread over 2.4 mm. As can be seen in Fig. 7b , there is an almost purely cylindrical region in the center of the bump surrounded by discontinuities at the ends. The detailed shape of the thermal bump depends somewhat on the cooling geometry and the proximity to the end of the crystal, but the thermal bump has a character roughly as shown in Fig. 7 for most reasonable geometries.
The slope-change per unit length can be controlled by increasing the total illuminated footprint on the crystal. Increasing the footprint, moves the thermal discontinuities away from the center of the footprint. Fig. 8a plots the slope change/mm as a function of illuminated crystal length for a fixed power/unit length. Here the crystal is cooled on all four side surfaces but is not back cooled. Although the power absorbed by the crystal increases with longer illuminated footprints, the change in slope/mm at the center of the crystal decreases dramatically with length. This is very similar to the behavior observed in models of high-heat-load x-ray mirrors. With more careful modeling it may be possible to side cool the crystal to make the slopechange per unit length even smaller at the center of the illuminated footprint.
The details of the thermal bump depend on factors such as heat flux (Fig. 1) , Bragg angle, and cooling geometry. As an example, we estimate the performance of a water cooled Si crystal at 10, 16 and 21 keV to anticipated performance of the crystal monochromator. At 10 keV, the power in a O.3x0. 1 mm beam is about 1 .4 watts and the beam is spread over a I .5mm long footprint on the first crystal. If we allow a slightly larger beam (0.48 mm high, 2.2 watts) to strike the crystal, then the thermal slope variation over the central 1.5 mm is about 8 prad (R=l87 m) and the root-mean-square (RMS) slope variation is about 2.4 prad. For a random slope pattern this would result in an approximately 30% loss of beam brilliance. However, since as seen in Fig. 7b the slope variation is well correlated with longitudinal position along the crystal and has a nearly cylindrical shape, the crystal acts like a convex mirror. The 4 jirad tilt of the crystal planes corresponds to an approximately 13% bandpass mismatch between the extreme rays at 10 keV. Overall the two crystal monochromator should operate with good x-ray reflectivity and with negligible effect on beam brilliance.
At 21 keY, which is a good energy for x-ray microdiffraction, the situation is even better than at 10 keV. The beam power through a 0.1 x 0.3 mm2 aperture is about 2.4 watts, but the long wavelength first harmonic can be removed with a low Z filter to yield a total power of about 1 .5watts spread over a 3.2mm footprint. Again it is best to allow a slightly larger beam to illuminate the first crystal to reduce the slope errors for the central portion of the illuminated footprint. through the O.lxO.3 mm2 aperture is about 3.2 watts. Low Z filtering can reduce this power to about 2.8 watts. We assume again that the crystal intercepts a 0.48 mm high beam and that only the central 0.3 mm footprint is passed through the final aperture. The estimated slope variation across the central 2.4 mm footprint is 10 j.trad with an RMS tilt variation of 3 pxad. The loss of throughput for the extreme rays is about 26% for an overall flux loss of about I 3%. For random slope errors with an RMSof 3 jirad. the loss in brilliance is about 45%. Again, because the slope variation is small and almost linear over the central 2.4 mm of the crystal, the effective brilliance loss may actually be small.
Sagittal slope errors
Sagittal slope errors across the 0.1mm wide beam are negligible for all cases studied. Sagittal errors are particularly small because the beam brilliance is lower in the horizontal plane and because sagittal slope errors cause smaller beam tilts compared with longitudinal slope errors.
Thin Crystal Geometry:
The power absorbed by the monochromator can be further reduced by the use of a thin crystal concept as discussed by Knapp et al.3 Typically a Si crystal of about 0.6mm thickness absorbs only half of the incident beam power. We estimate the beam power absorbed in a thin Si crystal with a carbon prefilter. As illustrated in Fig. 9 , a thin crystal transmits about half of the incident power up to 0.4mm at 10 keV. At 20 keV a 0.6mm thick crystal transmits about half the incident power. Preliminary modeling however indicates that thin crystals do not work as well as thick crystals with water cooling. 
First crystal with liquid N2 cooling
Even better performance is possible if the crystal is cooled to liquid N, temperatures. Because only a few watts of power are absorbed by the first crystal, a simple copper braid connected to a liquid N2 bath can be used to cool the first Si crystal to a region of near zero thermal expansion coefficient and greater thermal conductivity. The combination of better thermal conductivity and lower thermal expansion will allow the small crystal designs to be easily extended to 200 or 300 mA operations.
CONCLUSION
Only small beams are required for experiments such as coherent scattering and x-ray microdiffraction. The distortions modeled for a water cooled first Si (1 1 1) crystal intercepting an -0.03 mm2 x-ray beam with -2 watts of power are relatively small and do not degrade beam brilliance. It appears that for small cross section beams, a simple water cooled crystal can tolerate the high thermal density from an APS type A undulator operating at lOOma. Best performance is in the energy range between 8-10 keV and 16-22 keV where power densities are lowest. Liquid N2 cooling through a copper braid can extend the small crystal design to 300 mA operation and can allow operation from 4-22 keV.
